Low cost adsorbents have been extensively reported for use as a promising substitution for commercial adsorbents for pollutant removal in water and wastewater treatment. In this study, hydrochar produced from the hydrothermal carbonization (HTC) of faecal sludge (FS) (called HTChydrochar) was further chemically modified with KOH (called KOH-hydrochar) to improve its surface functional groups, which were suitable for copper (Cu) removal. The adsorption of Cu was conducted using the produced HTC-hydrochar and KOH-hydrochar as absorbents. Experimental results showed the KOH-hydrochar could adsorb Cu at the maximum adsorption capacity of 18.6 mg-Cu/g-hydrochar with Cu removal efficiency of 93%, relatively higher than the HTC-hydrochar and a commercial powdered activated carbon. The quantity of the surface functional groups of the adsorbents was more effective in Cu removal than the surface area. The Cu adsorption mechanism was found to follow the pseudo-second order and intra-particle diffusion models and fit well with Freundlich and Langmuir isotherms. Application of hydrothermal carbonization could be a novel candidate to convert FS into hydrochar which is pathogen free, and to employ the produced hydrochar as an adsorbent to remove Cu from industrial wastewaters.
INTRODUCTION

Koottatep et al. ).
Adsorption is one of the most effective and economic solutions for removing heavy metals from wastewater. The foremost objective of this study is to investigate Cu adsorption by using hydrochar produced from HTC of FS as an adsorbent. The specific objectives included: (1) to study the fundamental characteristics of the produced hydrochars, such as porosity, specific surface area, surface functional group and surface charge; (2) to investigate the Cu adsorption capacity and removal efficiency; and (3) to determine adsorption kinetics and isotherm models.
METHODS Adsorbents
Adsorbents in this study included the hydrochar produced 
Adsorption experiments
Adsorption experiments were conducted in 50 mL centrifuge tubes, using the HTC-hydrochar, KOH-hydrochar and PAC as absorbents, at a temperature of about 27 W C.
Each adsorbent was added into 30 mL synthetic wastewater containing 40 mg/L of Cu. To prevent precipitation, the pH of this solution was adjusted to be 5 using HCl and NaOH solutions. Each centrifuge tube of the adsorption sample was shaken at 200 rpm at the desired contact times (10-1,440 min) using an orbital shaker (Gemmy VRN200, Taiwan). After shaking, each adsorption sample was centrifuged at 5,000 rpm for 15 min, and the synthetic wastewater was filtered through a 0.45-μm nylon filter. The remaining Cu in the synthetic wastewater was measured using a flame atomic absorption spectrophotometer (iCE 3000 Series AA Spectrometer, Thermo Scientific, USA).
Each adsorption experiment was replicated three times.
Analytical methods
Porosity analysis
Porosity characteristics of the adsorbents were analysed by nitrogen adsorption analysis at 77 K in a BELSORP-mini II volumetric adsorption analyser (BEL Japan Inc., Japan).
The adsorbents were degassed for 2 h at 105 
Fourier transform infrared analysis
To analyse the surface functional group of the adsorbents, infrared spectra (4,000-400 cm À1 ) were recorded using an 
Adsorption kinetics
Kinetics of Cu adsorption using the KOH-hydrochar were determined by the pseudo-first order (Equation (1)), pseudo-second order (Equation (2)) and intra-particle diffusion models (Equation (3) log q e À q t ð Þ¼ log q e ð Þ À k 1 t 2:303 (1)
where q e is the mass of Cu adsorbed per unit mass of hydrochar at equilibrium contact time (mg/g), q t is the mass of Cu adsorbed per unit mass of hydrochar at contact time t (mg/g), k 1 is the pseudo-first order rate constant, k 2 is the pseudo-second order rate constant, k i is the intra-particle diffusion rate constant, C is the intercept of the intra-particle 
Adsorption isotherms
Freundlich and Langmuir isotherms were determined from Equations (5) and (6) (Reynolds & Richards ; Tchobanoglous et al. ), respectively, using the KOHhydrochar as an adsorbent:
where K f is the Freundlich capacity factor, C e is the equilibrium concentration of Cu in solution after adsorption (mg/L), n is the Freundlich intensity parameter, q m is the mass of adsorbed Cu required to saturate completely a unit mass of hydrochar (mg/g) and b is the experimental constant.
The linear forms of Freundlich and Langmuir isotherms are represented as Equations (7) and (8), respectively.
log q e ¼ log K f þ 1 n log C e (7) 
RESULTS AND DISCUSSION
Adsorbent characteristics
Porosity
Results of the BET surface area, total pore volume and pore diameter of the initial dried FS, HTC-hydrochar, KOH-hydrochar and PAC samples are shown in Table 1 . It is apparent that the HTC process enhanced the BET surface area and total pore volume of the hydrochars, resulting in lower pore diameters of the HTC-hydrochar and KOH-hydrochar samples than the initial dried FS samples. Mean pore diameters of both hydrochars were found in the range of 
Cu removal efficiency and kinetic models
Experimental results, shown in Figure 4 , indicated that using KOH-hydrochar could effectively remove Cu from synthetic wastewater. A rapid adsorption can be observed during the first 10 min, followed by slow adsorption until equilibrium, suggesting two-step adsorption mechanisms such as: (1) film diffusion and (2) intra-particle diffusion and Cu adsorption. The KOH-hydrochar gave the highest Cu removal efficiency of 93%, while those of HTC-hydrochar and PAC were 38% and 18%, respectively. The maximum Cu adsorption capacity of the KOH-hydrochar was calculated to be 18.6 mg-Cu/g-hydrochar. These results suggested that the quantity of the surface functional groups of the adsorbents was more effective in Cu removal than the surface area. Likely, the low Cu removal efficiencies of PAC were observed because these experiments were not conducted at the optimum adsorption conditions of the PAC (pH 6.5, 500 mg/L of Cu and 10 g/L of adsorbent dose) suggested by Abudaia et al.
().
Due to the high Cu removal efficiency using KOHhydrochar as an adsorbent, the Cu adsorption kinetics were determined. The kinetic parameters were obtained from the experiments and are listed in Table 2 . It can be seen that the pseudo-second order and intra-particle diffusion models showed a high coefficient of determination (R 2 ) which could adequately describe the kinetic of Cu adsorption by KOH-hydrochar.
The pseudo-second order model indicates that the ratelimiting step may be chemical adsorption (Zhu et al. ) .
In this study, the adsorption of positively charged Cu ions Figure 6 , and the isotherm parameters are summarized in Table 3 . Considering R 2 , both the Freundlich and Langmuir isotherms showed the linearized forms, which indicated Figure 5 | Intra-particle diffusion model of Cu adsorption using KOH-hydrochar as adsorbent.
these isotherms fit well with the experimental adsorption data. The maximum value of q m in the Freundlich isotherm,
where C e ¼ C 0 ¼ 40 mg/L, was calculated to be 34.2 mg-Cu/ g-hydrochar, comparable to q m in the Langmuir isotherm (36.6 mg-Cu/g-hydrochar). According to the experimental results of Cu removal efficiency, the maximum capacity of the KOH-hydrochar was about 18.6 mg-Cu/g-hydrochar;
therefore, the efficiency of this hydrochar for Cu adsorption could be further increased to achieve the q m values, such as by optimizing concentration of Cu, adsorbent dose, pH and contact time. As the n values in the range 2-10 represent a good adsorption characteristic (Ali et al. ) , the large n value of 5.76 (Table 3) indicated that KOH-hydrochar is a good adsorbent for Cu adsorption.
CONCLUSIONS
Experimental results obtained from this study showed the chemical modification of hydrochar by KOH, resulting in the production of a higher quantity of functional groups on the hydrochar surface. KOH-hydrochar has the maximum Cu adsorption capacity of 18.6 mg-Cu/g-hydrochar with Cu removal efficiency of 93%, which is relatively higher than HTC-hydrochar and commercial PAC. The quantity of the surface functional groups of the adsorbents was more effective in Cu removal than the surface area. Cu adsorption mechanisms could be described by the pseudo-second order and intra-particle diffusion models. The experimental adsorption data fit well with Freundlich and Langmuir isotherms, which indicated that the KOH-hydrochar is a good adsorbent for Cu adsorption.
Application of the hydrochar as an absorbent for Cu removal could yield benefits for the treatment of both FS and Cu-containing wastewater. 
